The National Ignition Facility (NIF) fields multiple varieties of x-ray imaging systems used to diagnose the implosion physics of laser-driven fusion targets. The imagers consist of time-resolved x-ray detectors coupled with a snout assembly for spatial and/or spectral imaging. The instrument is mounted onto a cart that extends into the NIF target chamber, placing it in close proximity to the target and aligning with a tight tolerance using the Opposed Port Alignment System (OPAS). The OPAS is a modified, commercial Schmidt-Cassegrain optical telescope mounted at the target chamber port, opposite the Diagnostic Instrument Manipulator (DIM). In this paper, the approach used to characterize and align the x-ray imaging instruments is described. The characterization includes offline measurements of the pinhole assembly and the detector housing. Online, deviations of the DIM, as it is inserted along rails toward the target chamber center, are characterized and related to the OPAS view. An overview of the offline measurement stations is provided along with the process to develop the relationship between the offline alignment scopes and the OPAS as a function of DIM insertion. The combination of these measurements is used to mathematically construct the predicted location of the x-ray imager line of sight in the OPAS image space and determine the desired pinhole location to record data on a fusion experiment. The alignment accuracy of this approach will be discussed, as demonstrated with various x-ray instruments and pinhole configurations.
INTRODUCTION
The National Ignition Facility (NIF) directs 192 laser beams of the world's most energetic and powerful laser to drive a 2 mm layered capsule of cryogenic deuterium-tritium ice to high densities and temperatures 1 . The extreme state of the plasma mixture provides the unique capability to study dynamic astrophysics and the main goal of demonstrating energy gain through laser driven fusion ignition. To thoroughly understand the NIF experiments, an accurate measurement of the radiation emission field and the temperature and density of target materials is required 2 . In order to capture these measurements, among others, a large suite of diagnostic instrumentation has been built around the 10 meter diameter vacuum chamber that houses the experiment 3 . A subset of the diagnostic instruments are designed to be interchangeably installed within a Diagnostic Instrument Manipulator (DIM), providing the capability to place the instrument in close proximity to the target. The majority of the instruments that ride within a DIM are streaked or time gated x-ray imaging systems coupled to pinhole snouts (Figure 1 ), which together provide temporal, spatial, and/or spectrally resolved properties of the target 4 . This paper will describe the methods to characterize the snout and detector of each instrument in order to accurately align the instrument line-of-sight (LOS) to intersect the desired object aim point. 
INSTRUMENT AND ALIGNMENT SYSTEM
The x-ray imagers that are installed onto a DIM are housed within an air box at ambient pressure and mounted onto a DIM cart (Figure 1 ). The DIM cart has 16 wheels that ride along rails within the DIM vessel, providing the ability to drive the cart in and out of the NIF target chamber. The DIM vessel is connected to the target chamber through a two-axis gimbal that provides pitch and yaw manipulation of the DIM by adjusting bipods that support the rear of the vessel (Figure 2 ). Near the front of the air box, the image plane is placed nearly 58 mm behind a three-vee kinematic plate that couples to a three-ball mount on the base of the snout. The snout to air box kinematic coupling is pre-loaded with three bolts to a specified torque to ensure adequate repeatability and reproducibility.
Interchangeable snouts on a DIM allow for a flexible imaging configuration to meet the needs of various experiments, each of which have a different LOS alignment tolerance. For a simple pinhole imaging snout, the pinhole tolerance, E PH , can be formulated by equation 1, from the geometry, based on the image magnification, M, the size of the detector, S det , the uncertainty in the object location, U object , and the desired field of view (FOV) at the object, FOV object .
(
The more complicated snout designs, which may include filters, mirrors, spectrometer gratings or other optical components, require a more complicated variation of equation 1. From all of the currently designed instrument and snout configurations of a DIM, the tightest pinhole tolerances are in the range of 0.200 mm in each transverse dimension.
To achieve the tight alignment tolerance required to capture data during a NIF experiment, a commercial SchmidtCassegrain optical telescope has been modified to improve the optical performance and meet the functional requirements of aligning a DIM 5 . An Opposed Port Alignment System (OPAS) telescope is mounted on the NIF target chamber outside the port that is opposite of the DIM port. The OPAS optical platform is mounted on a manually adjustable hexapod structure (Figure 3 ) with differentially threaded struts that allow precision alignment of the OPAS LOS. The LOS is aligned during installation, and periodically checked, to intersect target chamber center (TCC) and the DIM rotational gimbal point. The placement and alignment of the OPAS allows the telescope to have a relatively small FOV and capture a high resolution image, while still capturing the DIM pinhole within the FOV for any pinhole-to-object standoff distance (Figure 4) . 
NIF TARGET REGISTRATION ONTO OPAS
From one shot to the next, a time span on the order of a day, the OPAS instability relative to the instruments used to align the NIF target, is significant, up to 0.1 mm at the TCC image plane. The Target Alignment Sensor (TAS) is an instrument that inserts into the target chamber on a boom and is used to align the NIF laser beams relative to the NIF target 6 . The TAS is aligned relative to the TCC coordinate frame with the Chamber Center Reference System (CCRS), which is treated as the absolute reference. CCRS is a pair of specialized optical instruments dedicated to positioning the TAS in 5 degrees of freedom (DOF) 7 .
In order to account for the drift induced displacement of the target relative to OPAS, the new TCC recognized by the TAS must be transferred onto or registered by OPAS. To achieve target registration onto OPAS, an alignment reference fiducial is placed on the TAS hardware. Periodically, TAS is inserted into the target chamber and a small 2 mm spherical target is aligned to the TAS TCC coordinate frame origin. The center location of the target and the center of the TAS reference fiducial are recorded in OPAS space, which provides the spatial vector from the TAS reference fiducial to TCC (see the Appendix for a summary of the notation), as
To account for instrument drift, each time TAS is inserted and aligned for a shot, TCC can be registered onto OPAS without viewing a feature at TCC, by measuring the TAS reference fiducial point, OPAS P TAS , and the pre-recorded relationship of equation 2, by
INSTRUMENT CHARACTERIZATION AND LOS RECONSTRUCTION
With TCC and the target location recorded onto OPAS, the task of aligning a DIM instrument LOS to intersect an aim point becomes an issue of understanding the diagnostic LOS. This has been accomplished by measuring the points that define the LOS, the instrument detector and snout pinhole centers, relative to a common reference coordinate frame. The common reference coordinate frame is then related to the OPAS coordinate frame in order to provide the spatial transformation required to reconstruct the diagnostic LOS in OPAS space. One of the reference features is composed of a plate that holds a reticule mirror. The plate has the same three ball kinematic interface as the base of a snout and the mirror is rigidly attached in an orientation approximately parallel to the kinematic interface. This feature, referred to as the mirror snout, can be thought of as having a coordinate frame rigidly attached to it, with the z coordinate axis orthogonal to the mirror surface and the origin coincident with the reticule ( Figure 5 ). Before installation in a DIM, each snout is inspected on a snout alignment station, composed of a block that has the three-vee kinematic plate of a DIM air box and an auto collimating alignment telescope ( Figure 6 ). When the mirror snout is installed on the snout alignment station block, the telescope is aligned, such that the LOS is orthogonal to the mirror snout reflective surface and intersects the reticule. The rotation of the x-y plane of the mirror snout coordinate frame (MS) is defined to be parallel to the CCD pixel orientation within the telescope. With this configuration, the measurement of a point within the telescope can be easily related to the mirror snout coordinate frame by accounting for the telescope image scale. Using this method, the spatial pinhole array center point, of each snout, is measured relative to the mirror snout coordinate frame, MS P PH , where the snout design length provides the z component. In general, it's not necessary for the telescope of the snout alignment station to be aligned to the mirror surface and reticule. In this application, the telescope is aligned to the mirror snout coordinate frame to reduce the number of measurements required for each snout. The alignment only needs to be verified each time and has shown to be sufficiently stable. Alternatively, the mirror pitch and yaw angles relative to the telescope LOS can be measured through auto collimation and the offset of the reticule can be measured to provide the spatial transformation between the snout station telescope (SS) and the mirror snout coordinate frame,
Once an instrument snout is mated with the kinematic mount of a diagnostic cart, the assembled rigid body LOS must be known. To complete the assembly relationship, each diagnostic cart is inspected on a cart alignment station, composed of a set of rails to hold the diagnostic cart and a second auto collimating alignment telescope. The cart station telescope is aligned to two tooling balls placed at different lengths along an alignment reference cart, nominally placing the telescope LOS to be parallel with the cart rails. The reference cart sits in the rails of the cart station with a repeatable position, to ensure the telescope alignment is consistent from one diagnostic cart measurement to the next.
A coordinate frame is defined on the cart station with the origin being coincident with the cart station telescope LOS and the z-axis parallel to the LOS. Along the telescope LOS, the origin is defined to be at the back surface of the diagnostic cart, resulting in the distance between the cart coordinate frame (C) and the wheels of the cart to be consistent, regardless of cart length. With a diagnostic cart in the cart station rails, the center of the instruments detector is measured relative to the cart coordinate frame, providing C P det . The mirror snout from the snout alignment station is also mounted on each cart kinematic interface. The pitch and yaw angles of the mirror surface and the x, y offset of the reticule are measured with the cart station telescope, to provide the transformation of the mirror snout coordinate frame as seen by the cart coordinate frame,
With the measurements described thus far, the pinhole location of any snout, installed onto a cart on the cart station could be predicted by
However, both the pinhole and the detector location must be known, relative to OPAS, once the assembly is installed within a DIM and inserted to the correct distance from TCC. To accomplish this, the cart coordinate frame is measured relative to the OPAS coordinate frame, for each diagnostic cart, with an alignment snout that has two wire crosshairs separated by a meter. The two crosshair points on the crosshair snout are first measured on the snout station and a coordinate frame is constructed with the origin at the base crosshair and the z-axis intersecting the tip crosshair. The x-y axes on the crosshair snout coordinate frame are constructed to be consistent with x-y Euler angle notation. This constructed coordinate frame provides the crosshair snout coordinate frame (xhair) as seen by the mirror snout coordinate frame,
MS
T xhair .
The same crosshair snout is installed on each diagnostic cart within the NIF target chamber and the two crosshairs are measured in OPAS space with the DIM cart at insertion intervals of 100 mm. Constructing the same coordinate frame as described above, on the crosshair snout as measured by OPAS, gives OPAS T xhair (z insert ).
This measurement captures the motion of the instrument cart in the DIM rails as the cart insertion, z insert , is varied. Combining the spatial transformations from 4, 6 and 7, gives the transformation from the cart coordinate frame to the OPAS coordinate frame as a function of insertion, as
Using equation 8, the diagnostic LOS can be mathematically constructed in OPAS space by transforming the pinhole and detector point with equation 9 and 10, respectively.
The LOS from equations 9 and 10 is arbitrarily located at the location it would be placed if the pitch and yaw of the DIM gimbal were set at the same angles as during the crosshair snout measurement with OPAS. To calculate the desired location of the LOS to achieve alignment, the arbitrarily located LOS is projected to the TCC object plane, giving OPAS P aim,actual . The DIM gimbal yaw ( and pitch ( ) correction angles are calculated, assuming small angles, by equation 10, where d gimbal-TCC is the nominal distance from the DIM gimbal to TCC.
(11)
With the required yaw and pitch correction angles of the DIM gimbal, the LOS can be transformed to the aligned spatial location. First, the LOS points are transformed to a coordinate frame oriented parallel to the OPAS coordinate frame, but with the origin coincident with the DIM gimbal, OPAS T DIM , where the transformation is defined by the nominal relationship. Since the OPAS telescope was originally aligned to have the LOS intersect the DIM gimbal, the uncertainty induced into the calculation due to a deviation from nominal is small. The LOS points are then rotated about the gimbal by the correction angles from equation 11, before being transformed back into OPAS space. The result, shown in equation 12, gives the desired location of the pinhole to achieve proper alignment.
For each NIF shot, this process is used to pre-calculate the aligned location of the pinhole on OPAS, OPAS P PH , and the pinhole is placed accordingly, by adjusting the DIM about the gimbal. Although the detector point on OPAS, OPAS P det , can be calculated, the detector is not visible in the OPAS view and is not used or needed for the in-situ instrument alignment.
RESULTS
The performance of the characterization and alignment method described in this paper has been evaluated by analyzing post shot diagnostic images. Usually the image center is found by using a non-uniform pinhole array pattern in the snout, which can be easily identified on the image (Figure 7 ). Neglecting roll, there are 5 DOF that must be known to achieve alignment of the diagnostic LOS, the insertion and the two translational components of both the pinhole and the detector. The DIM only has 3 DOF of manipulation, insertion and pitch and yaw about the gimbal, the other 2 DOF are fixed based on the hardware assembly. Since the diagnostic image only provides 2 DOF of feedback regarding the resulting alignment, in order to quantify the results it's assumed that the full alignment error is due to misplacing the LOS with the DIM manipulation about the gimbal. This implies that the misalignment is due to a parallel, but offset actual LOS compared to the theoretical, perfectly aligned LOS. Table 1 summarizes the alignment results, categorized by the instrument magnification and the overall results. The overall root-mean square (RMS) error in both the x and y direction equates to 0.170 mm. Even though only 27 data points have been collected, the equivalent standard errors in the 2 dimensions suggests that enough statistics have been collected to sufficiently estimate the performance of the method.
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I 0 p E e _CP Figure 7 : X-ray diagnostic images of an imploding NIF target captured with a gated x-ray detector (GXD) (left) and a hardened gated x-ray imager (hGXI) (right). Both images show the non-uniform pattern of pinhole arrays used to evaluate alignment performance. The missing pinhole images are indicated by the dotted circles. The 12X magnification snout configuration has higher misalignment results as compared to the other configurations. Of the 22 measurements, 11 in each of the 2 dimensions, for the 12x magnification, there are 3 values that are significantly larger than the rest, with a maximum of 0.590 mm. This indicates the values may be statistical outliers caused by an off normal event, such as operator error. By eliminating the higher numbers, the remaining misalignments are less than 0.250 mm in each dimension, with an RMS of 0.130 mm and 0.150 mm in x and y, respectively. The pinhole arrays used with the 12x and 15x magnification snouts are designed to spatially oversample and loosen the tolerance to be greater than 0.7 mm, so that even the higher misalignments did not miss data.
The misalignments in the x direction appear to nearly fall within a Gaussian distribution, with an average of around -0.05 mm. The non-zero average Gaussian distribution, suggests that there may be a bias of -0.05 mm introduced somewhere within the process. A possible step that could be contributing this bias is an error in registering TCC onto OPAS. If the reason for the bias can be located and removed, the alignment results may improve. The misalignments in the y direction are regularly larger than in the x direction, this may be due to a decrease in the repeatability of the hardware in the y direction, as a result of gravity forces.
CONCLUSIONS
A unique method has been developed to routinely characterize and align the LOS of pinhole instruments for a unique application of recording x-ray data from fusion experiments. These methods could be directly transferred to similar applications requiring characterization of kinematic hardware assemblies, when the assembly must be characterized in pieces with a series of simple steps and accurately known after assembly. The resulting performance, for this application, has shown to provide sub millimeter alignment accuracy, with the majority of instruments aligned to better than or equal to 0.250 mm in each dimension. The biased alignment error in the horizontal direction will continue to be monitored and verified by analyzing future alignment performance. In the near future, the accuracy of registering TCC onto OPAS will be improved by increasing the quality and contrast of the alignment fiducials and the image processing routines to measure their location. This may eliminate the horizontal bias, if the TCC registration process is the cause. With the existing process as it is, DIM snouts are regularly aligned within tolerance, successfully providing the data to advance the understanding of laser driven inertial confinement fusion at the NIF.
APPENDIX

Notation summary
In multiple cases throughout this method, points are measured with the use of a telescope imaging system and equated to 3D spatial measurements by accounting for the pixel scale of the image and using the design length to capture the third component. Unless stated otherwise, the notation in this paper is referring to 3-dimensional (3D) spatial information. Therefore, points are spatial points, which are denoted by uppercase italic variables, where the subscript indicates the unique instance of a point, for example point i, P i , is different than point j, P j . A point exists in space, but in order to assign unique coordinates to the point, it must also be referenced to a specific coordinate frame. The coordinate frame that a point is referenced relative to is denoted in the superscript, such as W P i , the coordinate of point i as seen by the W coordinate frame. Lowercase bold variables represent a vector, where W v j-i = W P j -W P i , is the displacement from point i to point j relative to coordinate frame, W.
A spatial point or vector can be transformed between coordinate frame spaces by a homogeneous coordinate transformation, denoted by a bold uppercase T. That is, W T N , is the homogeneous coordinate transformation from N to W, which can otherwise be thought of as the spatial location and orientation of coordinate frame N as seen by W. 
